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Available online 21 September 2016Multicellular spheroids (MCSs) have a unique structure to represent the in vivo tissues and they have many po-
tential applications, such as in drug screening and evaluation. Traditional methods of fabricating MCSs are inca-
pable of controlling the MCS size and size distribution. For MCS formation in the ion- or photo-crosslinked
hydrogel, recovery ofMCSs from these hydrogelsmay need strong chemicals or enzymes to break the crosslinked
network for release of MCSs. We are the first to develop a microfluidic approach to encapsulate Hela cells in
thermoresponsive microgel-based droplets to generate Hela MCSs. The microgel network provided a physical
scaffold for cells so that cell aggregates formed in a biomimicking condition. Due to the thermal reversibility of
microgels, MCSs were released and harvested from the microgels droplets by simply cooling the droplets
down to room temperature. This approach may open a new door for generating uniform-sized MCSs.






Multicellular spheroidsMost cells in the human body are living in a three-dimensional (3D)
environment through interactingwith neighboring cells and extracellu-
lar matrices (ECM) which are missing in traditional two dimensional
monolayer culture [1]. Cell-cell and cell-ECM interactions have a great
impact onmanybiological activities such as homeostasis and cell signal-
ing through functional junctions between cells [2]. The 3D cell culture
model based onmulticellular spheroids (MCSs) is a powerful tool to re-
capitulate the cell-cell and cell-matrix interactions that have been found
in vivo to preserve cellular viability, functionality and phenotype [3],
and the MCSs serve a building bridge to connect the two-dimensional
cell culture and animal-based studies [4]. Hence, a myriad of methods
have been developed for fabrication of MCSs. Conventional methods
such as the hanging drop [5], the gyratory method [6], non-adhesive
culture [7], micro-fabricated confined culture [8], accelerated aggre-
gate-forming method [9] as well as liquid overlay culture [10] have
been explored. Among them, the micro-fabrication technology has
been recently pursued due to manipulatable sizes and shapes of MCSs
in the confined environment. Microarrays [11], microwells [12] and
microfluidic devices [13] are designed to seed a high cell density in a
small cavity so that cells aggregate in the cavity to formMCSs. However,
in this method, cells tend to settle in the bottom of the cavity due to
gravity and the formed MCSs are unable to easily recover from the
microfabrication devices..
icle under the CC BY-NC-ND licenseCell encapsulation inmicrofluidic channels is achievedbymixing the
cell-laden hydrogels in one channel with crosslinking agents from an-
other channel(s). This approach allows rapid formation, high-through-
put [14] and miniaturized bioreactors for cell culture [15]. To date,
hydrogels like alginate, agarose, gelatin and poly (ethylene glycol)
[16–19], aswell as double emulsion [20] have been attempted to encap-
sulate cells in these hydrogels. Very few attempts are reported to culture
cells in the crosslinked gel for a long term. Since the polymers are chem-
ical crosslinked, potent chemicals may be required to break the shell to
release MCSs [21]. For the double emulsion encapsulation since the
middle layer between cells and the culture medium is an oil phase,
the oxygen and nutrient diffusion rate is low, and this becomes the con-
straints for MCS growth. We are the first group to propose a droplet-
based microfluidics system to form and release spheroids using ther-
mal-responsive synthetic polymers. Different from natural polymers,
this unique thermoresponsive material can release MCSs easily after
long-term culture without introduction of toxic chemicals. In addition,
through copolymerizing different co-monomers, the properties of the
synthesized polymers can be tuned for different types of cells.
As described in Fig. 1, HeLa cells were encapsulated inside the Poly
(N-Isopropylacrylamide-co-acrylic acid) (P(NIAM-AA)) microgel
based droplets. P(NIPAM-AA) has a unique amphiphilic structure so
the microgel network is thermally reversible, which was confirmed
from the temperature dependence of its hydrodynamic size (Fig. S1)
and elastic/viscous modulus (Fig. S2). The SEM image (Fig. S3) shows























Fig. 1. Droplet generation and cell encapsulation through microfluidics (a) Droplet generation process inside a micro-channel (b) Dimension and geometry of the micro-channel (c)




Fig. 2.Droplets collection and thermal response for elevating and decreasing temperature.
(a) Microgel solution droplets collection at room temperature in the oil. The dark edge of
droplets is seen due to light reflection between oil and water. (b) The changes of
hydrophobicity of droplets from hydrophilic to hydrophobic at 37 °C in oil. Opaque
hydrophobic droplets show complete darkness. (e) to (h) Droplets in culture media cool
down to temperature every 2 min. Scale bar is 100 μm.
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oxygen and nutrient transportation.
The cell-laden P(NIPAM-AA) microgel aqueous solution was
squeezed into individual droplets by the oil phase from two side chan-
nels. The polydimethylsiloxane (PDMS) microfluidic microchannel
was fabricated using the soft-lithography technique. The PDMS
microchannel was designed as a flow-focusing device, which was com-
posed of one water channel in the middle and two oil channels at both
sides to produce the immiscible interfaces when the two flowswere fo-
cused at the intersection. Two streams of continuous oil phase flowed
through two sides and squeezed the forefront stream of the dispersed
fluid into droplets. The Lattice Boltzmannmodel was applied to two im-
miscible phases for simulation of the droplet formation within the
microchannel, and the optimized flow rate to generate discrete droplets
for both phases was used for the following experiments (Fig. S4). Com-
pared to experimental data, the LBM simulation can accurately predict
the flow phenomenon within microchannel. When the flowrate ratio
is at 1:1 between the dispersed phase and the continuous phase, jetting
flowwas observedwithout droplet generation. At aflowrate ratio of 1:4,
the majority (more than 40%) of the droplets have the size around
260 μm. More than 80% of the droplets are in the range between 250
and 350 μm. When increasing the continuous phase flow rate, at
flowrate ratio of 1:6, the droplet size is around 100 μm. In order to ob-
tain reasonable size of droplets to culture MCSs, the flowrate ratio at
1:4 was chosen for future experiments.
After dropletswere generated inside themicrochannel and collected
at the exit, the droplets were heated up to 37 °C, and their colour
changed from transparent (Fig. 2a) into white which is shown at Fig.
2b. When the temperature of the microgels within the droplets was
above the volume phase transition temperature of the microgels
(VPTT, around 32 °C from our previous report [22]), the microgels be-
came hydrophobic from hydrophilic due to the presence of N-
isopropylacrylamide. In additional, due to hydrophobic attractions and
electrostatic repulsions, physical gel was formed [22]. The physical gel
presented a white cloudy colour, which is shown darkness under anoptical microscope. The size of the droplet slightly decreased during
the heating up process since the microgels shrank due to loss of sur-
rounding water molecules. After washing the microgels with pre-
warmed PBS buffer (37 °C) to remove the oil residue, the droplets
were transferred into a pre-warmed culture medium. The physical gel
was able to maintain its spherical shape as shown in Fig.2c, since at
37 °C, the hydrophobic nature of the microgel prevented water from
Fig. 4. Live/dead images of theMCSs inside the droplets at (a) day 7, (b) day 14, (c) day 21,
(d) day 28. Scale bar is 50 μm.
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cess of the microgel structure every 2 min when the temperature re-
duces to the room temperature. During the first 6 min, the colour of
the droplet gradually changed into transparent and the droplets were
able to maintain their size and shape. After 6 min, the droplets started
to lose their shape, and the size of the droplets expanded,which indicat-
ed microgels were dispersed into water.
We hypothesized that cells are encapsulated into the uniform-sized
droplets generated from the microchannel, and then the droplets gel at
37 °C and disperse in the cell culture medium for cell growth and cellu-
lar spheroid formation, finally the cellular spheroids are released from
the droplets after the temperature reduces to the room temperature
for harvest, as shown in Fig. 1. Comparing with other previous reports
using droplet encapsulation of cells [19,21], in which MSCs are unable
to release fromdropletswithout strong or toxic chemicals.We encapsu-
lated HeLa cells inside the microgel-containing droplets. After
suspending droplets in the cell culture medium for the pre-set days,
we collected the droplets and cooled down to the room temperature
to harvest the MCSs. We found out that it took 20 min to dissolve the
droplets and release theMCSs. Fig.3 shows theHeLaMCS formation pro-
cess inside the droplets for up to 28 days. The porous structure inside
the droplet provided a 3D structure to support cell growth due to suffi-
cient nutrient, oxygen and biowaste transportation (Fig. S3). At day 7,
cells proliferated and aggregated to form a few cell clusters in each
droplet, and the cell cluster size varied depending on the initial cell dis-
tribution within the droplets, which was similar to cluster formation in
the 3D scaffold [23] in comparisonwith single individual cells at day 1 as
shown in Fig. S5. After continuing cell culture for another 7 days
(Fig.3b), the size of the big cluster increased to 40–50 μm while a few
small clusters scattered around the big clusters. The loose structure in-
dicates the first step of multicellular spheroid formation where cells
are drawn together due to the combination of ECM fibres with multiple
RGDmotifs [24]. At day 21 (Fig. 3c), smaller clusters aggregated into the
big cluster to have a size of 50 μmand very few smaller clusterswere ob-
served within the droplet. At day 28, the edge of the big cluster become
smoother which indicates spheroid compaction stage was reached [24]
where the homophilic cadherin-cadherin binding andmicrofilaments of
cells become localized along the cell. Due to controlled microenviron-
ment provided from the droplet, the spheroid size can be manipulated
by adjusting the droplet size, initial cell density and cell culture(a)
(c)
Fig. 3.MCSs formation inside the droplets at (a) day 7, (b) day 14, (c) dduration. Compared with the normal HeLa cluster size around 250 μm
and the size variations of 50 μm in the conventional culture condition,
this approach can provide more uniform-sized multicellular spheroids.
To further investigate the clustermorphology, live/dead cells images
were taken by staining cells with the Live/Dead cell kit. Fig. 4 shows the
cluster formation process from the encapsulated cells within a droplet.
This approach was benign to cells and most cells were still green up to
28 day culture, whichmeans cells have a high viability. At day 7, within
the droplet, smaller clusters started to form (Fig. 4a), and these clusters
were drawn together due to their extracellular matrices. After another
7-day culture (Fig. 4b), small clusters aggregated to form a loose struc-
ture, and a few single cells or small clusters were observed around the
loose structure. At day 21 (Fig. 4c) the loose structure started the com-
paction process, but the cavities were seen inside the structure. After
28 day culture (Fig. 4d), mature spheroids were obtained with a spher-
ical shape and a very compact structure was observed.
In this hydrogel-based droplet microenvironment, Hela cells are
confined in the given space and aggregated to form the spheroids.(b)
(d)
MCS
ay21, (d) day 28. Scale bar is 50 μm. Dash line is droplet boundary.
7X. Cui et al. / Colloid and Interface Science Communications 14 (2016) 4–7Meanwhile the nutrients and wastes are transferred to the cell clusters
to maintain cellular activities. Importantly, the spheroids are harvested
simply by reversing the temperature to the room temperature without
physical or chemical damage. Therefore, the full recoverability and the
3D controlled microenvironment render our approach very promising
for size-controllable multicellular spheroid formation.
The microfluidic channels were made in the ANFF SA node at The
University of South Australia and we acknowledge technical supports
from the team at the node. XCwould like to acknowledge the divisional
scholarship given by the University of Adelaide. HZ thanks the financial
support from ARC Discovery Project (DP160104632) and The Medical
Advancement Without Animal (MAWA) Trust.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.colcom.2016.09.001.
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